Abstract. Using data from the Super Dual Auroral Radar Network (SuperDARN) we investigate the ionospheric convection response to magnetospheric substorms. Substorms were identified using the Far Ultraviolet (FUV) instrument on board the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) spacecraft, and were then binned according to the magnetic latitude of their onset. A superposed epoch analysis of the ionospheric convection patterns for each onset-latitude bin was then performed using radar data for the interval 60 min before onset to 90 min after. It is found that lower onset-latitude substorms are associated with generally more enhanced convection than the higher latitude substorms, although they suffer from a significant localised reduction of the flow in the midnight sector during the expansion phase. Higher-latitude substorms are associated with a significant and rapid increase in the nightside convection following substorm onset, with all onset-latitude bins showing an enhancement over onset values by ∼60 min into the expansion phase. A rudimentary inspection of the concurrent auroral evolution suggests that the duration of the flow reduction following substorm onset is dependent on the strength and duration of the expansion phase aurora and its associated conductivity enhancement.
Introduction
Magnetospheric substorms are understood to be one of the primary mechanisms by which the Earth's magnetotail rids itself of stored magnetic flux and energy that are accumulated through the action of reconnection with the interplanetary magnetic field. Whilst the exact time sequence of events which surrounds the onset of magnetospheric substorms is still under debate, it has recently been suggested that substorms are initiated by near-Earth reconnection in the magnetotail (Angelopoulos et al., 2008) , which pinches off closed magnetic flux and then closes open magnetic flux, exciting magnetospheric convection (e.g. Baker et al., 1996) . Within a few minutes a disruption of the cross-tail current is also observed in the inner magnetosphere, leading to the creation of the substorm current wedge (e.g. Lui, 1996) and an associated ionospheric auroral disturbance (Akasofu, 1964) . There have been mixed reports, however, regarding the nature of the ionospheric convection that accompanies this disturbance. We address this issue in the present paper.
It was suggested by Cowley et al. (1998) that reconnection during substorms should excite large-scale twin-vortex flow in the high-latitude ionosphere. In an early study of Sondrestrom radar data, Blanchard et al. (1997) found that an increase in the tail reconnection rate occurs near midnight shortly after substorm expansion phase onset. Initially, however, this increase was mainly manifest in a poleward motion of the inferred open-closed field line boundary with the flows becoming elevated only after an interval of ∼30 min. Somewhat correspondingly, Weimer (1999) presented a statistical survey of low-altitude electric field data from the DE-2 spacecraft, separated according to the IMF direction and into substorm and non-substorm intervals. The flow patterns for a given IMF orientation showed a more pronounced "Harang" asymmetry on the nightside during substorm intervals 592 A. Grocott et al.: Ionospheric convection during substorms than during non-substorm intervals, but the total transpolar voltage values showed little overall difference. On the other hand, Opgenoorth and Pellinen (1998) presented evidence for flow enhancements in the dusk auroral zone immediately following expansion phase onset in the midnight sector, leading to an immediate increase in the global "directly driven" current system. They suggest, however, that diversion of the twin-vortex flow around the low-flow high-conductivity auroral bulge formed during the expansion phase (e.g. Morelli et al., 1995; Yeoman et al., 2000) may play a role. More recently, Grocott et al. (2002) presented an analysis of Super Dual Auroral Radar Network (SuperDARN) flow data obtained during an isolated substorm, and found evidence for the excitation of twin-vortex flow cells centred in the nightside ionosphere, which enhance the transpolar voltage by ∼40 kV compared with pre-onset values. Further studies using SuperDARN have produced mixed results, however, by providing evidence for both the excitation (e.g. Grocott et al., 2006; Provan et al., 2004) and reduction (e.g. Lyons et al., 2001; Bristow and Jensen, 2007) of the flows following substorm onset.
Using the Frey et al. (2004) substorm database Milan et al. (2009) performed a superposed epoch analysis of the auroral evolution of substorms. They found that the auroral morphology was only reproducible in an average sense if substorms were grouped according to onset magnetic latitude, due largely to the fact that substorm intensity is intrinsically linked to the pre-existing open flux content of the polar cap. In the present paper we therefore use a similar latitude grouping to produce a set of average substorm convection patterns for each onset-latitude group. These patterns are obtained for the interval from 60 min before, to 90 min after, each of the 1979 isolated Northern Hemisphere substorms in the Frey list, using the radar data set discussed by Wild and Grocott (2008) . We find that there is a clear difference in the ionospheric convection response to substorms of differing onset latitudes. Higher-latitude substorms are associated with a significant and prompt increase in the nightside convection following onset, whereas lower-latitude substorms appear to be associated with an initial decrease in the nightside flows, with a delay of up to ∼60 min before any enhancement is observed.
Data analysis
Using the FUV instrument (Mende et al., 2000a,b) on the IM-AGE spacecraft Frey et al. (2004) Wild and Grocott (2008) refined this list to 3005 isolated events (by excluding those known to have occurred within ±2 h of another substorm), 1979 of which were observed in the Northern Hemisphere. The onset locations of these 1979 events (see Fig. 1 ) have a mean magnetic latitude of 66 • and a mean magnetic local time (MLT) of 23 h. For the purposes of the present study we have grouped these events into 10 magnetic latitude bins: below 61 • , 61-62 • . . . , 68-69 • , and above 69 • . For each event we define a "substorm epoch" as being an interval of time running from 60 min before, to 90 min after, the onset time of the substorm.
Ionospheric flow data for each substorm epoch are provided by the Super Dual Auroral Radar Network (Super-DARN). The SuperDARN network of HF radars provides almost continuous measurements of ionospheric convection velocities in the auroral regions of the Northern and Southern Hemispheres (Greenwald et al., 1995; Chisham et al., 2007) and this facilitates the routine production of large scale maps of the high-latitude convection using the "Map Potential" technique (Ruohoniemi and Baker, 1998) . This technique involves the mapping of line-of-sight radar velocity measurements onto an equal area polar grid and using them to derive a best-fit solution to an nth-order expansion of the electrostatic potential, expressed in spherical harmonics. An investigation into the sensitivity of the choice of n on the results of the present study revealed that a relatively low sixth order expansion was suitable for resolving the larger-scale character of the convection pattern. A boundary defining the zero potential at the equatorward edge of the convection pattern is also determined from the radar data to help constrain the solution at lower latitudes.
Two methods of investigating the average substorm convection have been adopted for this study. The first method provides a means by which we can investigate the best-fit average large-scale convection patterns and involves using the Map Potential "gridded" radar data files generated by Wild and Grocott (2008) to derive superposed epoch convection patterns for the ten onset-latitude bins. This is achieved by combining the gridded radar data from all of the substorm epochs in each of the ten onset-latitude bins into ten superposed substorm epochs and then performing the Map Potential fit on each one. The maximum number of substorms in any one onset-latitude bin is 305, however, owing to data processing limitations we restricted the number of substorm epochs combined in any one Map Potential fit to 150. Where an onset-latitude bin contained more than 150 substorms a random sample of 150 was used. Having performed the analysis on a number of different random samples we can confirm that little difference is evident in the large-scale nature of the patterns.
It is also necessary to manually specify the magnetic latitude of the zero-potential boundary, 0 , for these average convection maps. In the Map Potential analysis, this boundary is set to be the lowest latitude at which a significant number of flow vectors above a specified velocity threshold are observed. For the usual "individual-epoch" analysis this is usually set to be 3 flow vectors above 100 m s −1 , which is generally sufficient to exclude any noise and interference which might otherwise mislead the algorithm and force it to set the boundary too low. When adding such a large volume of radar data together however, as is the case for the superposed epoch analysis, this technique generally fails. We have therefore specified the boundary to be the mean of the boundaries identified at each time step for all of the individual substorm epochs. Whilst this might not necessarily be the best choice in each individual case, it is an objective and consistent method across all times and onset-latitude bins and makes direct comparisons between different convection patterns straightforward.
The second method we have used to investigate the average convection involves using a statistical database of ionospheric convection data to study the average nightside flows in a more localised manner. This database has been created to facilitate studies involving large volumes of SuperDARN data and consists of a reduced set of 40 velocity measurements (and associated data coverage information) for every 2 min interval between 1999 and 2006. These measurements are derived for the centre points of a set of boxes, the locations of which are fixed in magnetic local time but are scaled in magnetic latitude according to the overall size of the convection pattern, as shown in Fig. 2 . In other words, the lowest latitude boxes are located just poleward of the zero-potential boundary of the convection pattern, 0 , (the green curve in Fig. 2) , with a further three sets of boxes at latitudes evenly distributed between the first set and the pole. By fixing the latitude of these boxes relative to 0 , similar statistical points correspond to the same region of the convection pattern in each case rather than simply the same magnetic latitude/local time. The boxes themselves delimit the area in which "local" data coverage is defined. In the present study we have imposed a condition that there must be at least 2 radar data points in a box for the corresponding velocity value to be used. This does mean that the number of events contributing to the velocity averages is not the same for each time step (overall it results in between 30% and 50% of the substorms being included in the averaging for each onset-latitude bin) but it ensures that the velocity averages from each substorm correspond to regions of the convection patterns where radar data were present to constrain the fitting. In Sect. 3.2 we present data from the boxes which are shaded in Fig. 2. 
Observations

Large-scale convection
Examples of the average ionospheric convection (derived using the first method described in Sect. 2) surrounding substorm onset are presented in The data presented in Fig. 3 reveal a number of features: the lower onset-latitude substorms (i) are associated with generally more enhanced convection than the higher latitude substorms (ii) as evidenced by both the larger size of the convection patterns and the higher values of V P C . The more intense large-scale flows during the growth phase for the lowlatitude substorms (i, a-b), are presumably due to a higher rate of dayside reconnection adding open flux to the magnetosphere in this case, as shown by Milan et al. (2009) . At the time of substorm onset (c) some modest localised flow enhancements are evident in the midnight sector at ∼70 • for both onset-latitude bins, although globally there is little appreciable change, as indicated by V P C . A few minutes later, however, a significant reduction of the nightside flows is readily apparent at this location for the low-latitude substorms (i,d). By comparison, (ii,d) reveals a modest enhancement in the convection over pre-onset levels for the higher-latitude substorms. By 20 min into the substorm expansion phase (e) the midnight-sector flows associated with the lower-latitude substorms have recovered somewhat (i,e), although V P C is still less than that during the growth phase (62 kV vs. 69 kV). The value of V P C associated with the higher-latitude substorms (ii,e) also shows a modest increase (to 46 kV), as do the nightside flows at ∼70 • . These trends continue through the expansion phase to 50 min after onset (f) by which time V P C has decreased further for the lower onset-latitude bin and increased for the higher-latitude bin.
Locally, the midnight-sector flows still appear strong for both onset-latitude bins.
The results described above show that the ionospheric flows change in response to the substorm cycle. Whilst the evolution of the flows appears to be quite complex it is quite apparent that a difference exists between substorms of different onset latitude. To study their time-evolution more easily, Fig. 4 presents an overview of (a) the transpolar voltage, V P C , and (b) the magnetic latitude of the zero-potential boundary, 0 , derived from the superposed-epoch convection patterns. In each case, data from the ten onset-latitude bins (vertical axis) are plotted versus substorm epoch-time, relative to substorm onset (vertical dotted line). The number of substorms that contributed to the global convection analysis for each onset-latitude bin is shown on the righthand side of panel (a) (where 150 was an imposed maximum, as described in Sect. 2). It is clear from (a) that in general the convection becomes enhanced by ∼20 kV, ∼20 min prior to substorm onset (first vertical dashed line). For the higher-latitude substorms (onset-latitudes above ∼65 • ) this enhancement persists throughout the expansion phase with little evidence of any subsequent reduction. For the lower-latitude substorms (onset-latitudes below ∼65 • ) there is some evidence of a reduction after ∼30 min (second vertical dashed line) to pre-growth phase levels. There is also some evidence of a discontinuity between the voltage values in the lowest two onset-latitude bins. This is likely to be a result of the lowest bin containing substorms that initiated at latitudes lower than 60 • . Later on in the expansion/recovery phase a number of smaller enhancements appear to occur, which could be associated with further reconnection events such as poleward boundary intensifications which are known to occur during the substorm recovery phase (Lyons et al., 1998) . Overall, however, there is no clear pattern to the evolution of V P C during the expansion phase beyond ∼30 min.
In panel (b) the average latitude, 0 , of the zero-potential boundary of the convection patterns is shown for each onsetlatitude bin, to give an indication of the variation in the size of the polar cap. In addition, curves are superposed to more clearly illustrate the (relative) variation in boundary-latitude for 3 selected onset-latitude bins: under 60 • (lower), 64 • -65 • (middle), and over 69 • (upper) . The scale for these curves is such that 1 • on the vertical axis corresponds to a 2 • change in boundary-latitude. The relationship between polar cap size and onset latitude that is implied by the variation in 0 is very pronounced, with approximately 5 • variation (blues through to oranges) over the 10 • of the different onsetlatitude bins. The variation in convection pattern size over the 90 min of the superposed-epochs is much less (of the order of 2 • ), but still clearly shows an expansion of the convection pattern during the growth and early expansion phases, followed by a contraction of the pattern during the late expansion and recovery phases. These are the variations that are predicted by the expanding-contacting polar cap (ECPC) paradigm, which explains how variable rates of dayside and nightside reconnection lead to changes in the size of the polar cap and excite magnetospheric and ionospheric convection (Cowley and Lockwood, 1992) . Figure 4b therefore illustrates that dayside reconnection dominates during the substorm growth phase, resulting in the expansion of the polar cap, but that during the substorm expansion phase it is nightside reconnection which dominates, resulting in a net closure of open flux and the observed decrease in size of the polar cap.
This concept provides a possible explanation for the lack of any significant change in V P C during the expansion phase, discussed above. V P C is determined by both the dayside and nightside reconnection rates such that, for example, if an interval dominated by dayside reconnection driven flows was followed by an interval dominated by nightside reconnection driven flows, there is no requirement for V P C to change. Spikes in the reconnection rates, such as those which might be produced by variable reconnection as suggested above, will be manifest in V P C , but a change of dominance from dayside to nightside reconnection will not. It is perhaps more helpful, therefore, to look locally at the flows on the nightside which might be more directly related to nightside reconnection.
Small-scale flows
Figure 5 presents flow data obtained from the statistical convection database described in Sect. 2, from four of the box locations shown in Fig. 2 (32, 23, 21 , and 11). These were chosen because they encompass the bulk of the substorm onset locations, as can be seen by comparison with Fig. 1 . The magnitude of the average flow measurements for each of the ten onset-latitude bins is presented, in a similar format to Fig. 4 . Again, the vertical dotted line on each panel indicates the time of substorm onset; the dashed lines are discussed below. Additionally, on the right-hand side of each panel, the mean number of substorms that contributed to the statistics for each onset-latitude bin is shown. As discussed in Sect. 2 this number is not constant over the 150 min of the superposed-epoch, however, an inspection of the variation suggests little deviation from this mean. The advantage of allowing this number to vary is that the flow averages presented are derived only from intervals where radar data were present at the location of the box. As will be discussed below, these localised flow measurements appear to exhibit more variability than the transpolar voltage over the evolution of the substorm, as well as reinforcing the onset-latitude dependence which was previously noted.
Consider the top-left panel, which shows flow data from statistical box 32. Approximately 20 min prior to substorm 598 A. Grocott et al.: Ionospheric convection during substorms onset an enhancement can be seen in the flows, most obvious in the highest four and lowest two onset-latitude bins, which is similar to the growth phase enhancement of V P C seen in Fig. 4 . Around the time of onset, further changes are evident in the data. For onset-latitudes above 68 • there is an enhancement in the flows from ∼200 m s −1 to ∼250 m s −1 , whereas below 67 • there is a reduction of about the same magnitude. The duration of this reduction, however, appears to be related to the onset-latitude, with a subsequent enhancement occurring ∼15 min after onset for the 67 • -68 • bin, but not for a further ∼15 min for the 62 • -63 • bin. This is suggestive of a relationship between the onset-latitude and the duration of the post-onset flow reduction, discussed further below.
A similar but somewhat less clear pattern can be seen in the data from statistical box 23 (top-right), although any relationship in this case is not as obvious. The data from both of the lower-latitude statistical boxes (21 and 11, bottom panels), however, clearly reinforce the idea of a relationship between onset-latitude and the duration of a flow reduction during the early substorm expansion phase. In both cases this relationship appears to be linear, as indicated by the dashed diagonal lines. Consider first the data from magnetic local midnight (box 11). For the lowest onset-latitude bins the growth phase flows of up to 300 m s −1 are reduced dramatically at substorm onset, dropping to under 100 m s −1 by 10 to 20 min into the expansion phase. For higher onset-latitudes (above 66 • ), however, the magnitude of the growth phase flows is less. In this case, rather than decreasing at onset, the flows exhibit little immediate change but then proceed to increase from ∼150 m s −1 to ∼250 m s −1 after ∼10 min. Looking again at the lower onset-latitude bins, this post-onset flow enhancement can also be seen to occur, but after a delay which appears to be approximately inversely proportional to the latitude of the onset (∼5 min per degree, as indicated by the dashed slope). For the lowest onset-latitude bin this enhancement is therefore not evident until ∼60 min after onset. Finally, turning to the data in box 21 (a location ∼1.5 h west of box 11), a similar pattern is evident in the flows. Here the delay is somewhat more prolonged, certainly for higher onset-latitudes where it is ∼30 min longer, although for onset-latitudes below ∼64 • there is some evidence of a threshold to this delay of ∼60-70 min where this linear relationship breaks down.
Substorm auroral evolution
As discussed in Sect. 1, it has previously been suggested that the ionospheric convection during substorms is related to the associated auroral development. In this section we therefore briefly consider the auroral development as a possible explanation for the delayed convection response described above. In Fig. 6 we show data based on the work of Milan et al. (2009) that was derived from a subset of the Frey et al. (2004) list of substorms, similar to the subset used in the present study. Auroral electron counts from the Wideband Imaging Camera (WIC) on the IMAGE spacecraft are presented as a function of substorm epoch-time, for a range of onset latitudes, for the same set of locations discussed in Fig. 5 . The onset time is again marked with the vertical dotted line in each panel, and the dashed lines from Fig. 5 are also reproduced for comparison. The bottom two panels clearly illustrate that there is a strong dependence of substorm auroral intensity on onset latitude, with the lowest onset-latitude substorms having the brightest expansion phase aurora. It is also evident that the lowest onset-latitude substorms have the longest duration expansion phase, with the time taken for the initial peak in intensity to return to some lower threshold being dependent on the onset-latitude. The dashed lines from Fig. 5 are therefore quite well correlated with the auroral intensity drop, suggesting a relationship between the duration of the auroral brightening and the duration of the flow reduction. The upper two panels, being representative of the auroral intensity more poleward of the main auroral bulge, reveal an initial delay, after onset, before the peak count is observed. This is presumably indicative of the finite propagation time of the poleward expansion of the auroral bulge. The peak auroral intensities at these more poleward locations are also lower, which could explain why there was a less obvious pattern to the evolution of the flows at these higher latitudes. Overall, these results then demonstrate that, in an average sense, the flow stagnation associated with substorms depends on the strength and duration of the expansion phase aurora and associated conductivity enhancement.
Summary
The results discussed above reaffirm the fact that magnetospheric substorms have a measurable influence on ionospheric convection. Furthermore they show for the first time that substorms with different onset latitudes have strikingly different convection characteristics. Low onset-latitude substorms, below ∼64 • , are generally of larger intensity and are associated with intervals of stronger convection, but more noticeably appear to result in a reduction of the flow immediately after onset. This reduction is usually attributed to enhanced conductivities in the midnight sector which dominate during large substorms and are associated with higher levels of auroral activity (Morelli et al., 1995; Yeoman et al., 2000; Milan et al., 2009 ). Mid-latitude substorms, between ∼64 • and ∼66 • , are less noticeably associated with a large-scale reduction in convection, but equally, do not produce such an immediate and remarkable enhancement in the nightside flows. High-latitude substorms, above ∼66 • , are associated with the smallest, but most persistent, large-scale convection response to substorms, and produce the most immediate enhancement to the flow in the locally disturbed region. This suggests that higher onset-latitude substorms, during which there is a relatively low auroral conductivity enhancement, are dominated by the local electric field, whereas lower onset-latitude substorms are dominated by high conductivities which result in a suppression of the convection electric field, and consequently, the ionospheric flows. In addition to the onset-latitude dependence of the convection reported here, one would also expect there to be an observable onset-MLT dependence. This would introduce further complexity to the nature of the convection which is not revealed by the present study. Further work, currently in progress, will investigate the MLT dependence as well as any relationship to the effects of the B Y -component of the interplanetary magnetic field.
